We report that pyridinium ions (HPyr (2) by 10 3 -fold, affording 2 in near-quantitative yield; Tp* = hydrotris(3,5-dimethyl-1-pyrazolyl)borate. This novel reactivity and the mechanism of this reaction were investigated in detail. The formation of 2 followed pseudo-first-order kinetics, with the observed pseudo-first-order rate constant (k obs ) linearly correlated with [HPyr + ]. An Eyring plot revealed that this HPyr + -facilitated reaction has a small positive value of ∆S ‡ indicative of a dissociative interchange (I d ) mechanism, different from the slower associative interchange (I a ) mechanism in the absence of HPyr + marked with a negative ∆S ‡ . Interestingly, log(k obs ) was found to be linearly correlated to the acidity of substituted pyridinium ions. This novel reactivity is further investigated using combined DFT and ab initio coupled cluster methods. Different reaction pathways, including I d , I a , and possible alternative routes in the absence or presence of HPyr + , were considered, and enthalpy and free energies were calculated for each pathway. Our computational results further underscored that the I d route is energetically favored in the presence of HPyr + , in contrast with the preferred I a -NNO pathway in the absence of HPyr + . Our computational results also revealed molecular-level details for the HPyr + -facilitated I d route. Specifically, HPyr + initially becomes hydrogen-bonded to the oxygen atom of the Mo(IV)-OPMe 3 moiety, which lowers the activation barrier for the Mo-OPMe 3 bond cleavage in a rate-limiting step to dissociate the OPMe 3 product. The implications of our results were discussed in the context of molybdoenzymes, particularly the reductive half-reaction of sulfite oxidase. Graphical abstract
Introduction
Molybdoenzymes are found in all forms of life. Most of these important enzymes catalyze a wide range of oxygen atom transfer (OAT) reactions of key importance to human health [1, 2] , and contain a mononuclear molybdenum (Mo) center in their active sites. Among these molybdoenzymes, the widely distributed sulfite oxidase (SO) catalyzes the conversion of toxic sulfite to sulfate, which is the last step in the catabolism of sulfur-containing amino acids cysteine and methionine, and several xenobiotic compounds [3] [4] [5] [6] . The lack of an effective SO in humans leads to severe neurological abnormalities, including mental retardation and death in infancy, with the lethality due partially to intracellular sulfite build-up [7] .
To advance our understanding of SO and other molybdenum/tungsten-containing enzymes and design better bio-inspired catalysts for OAT reactions, it is imperative to advance our understandings of how these enzymes operate on the molecular level. For this purpose, small molecule molybdenum model compounds have been developed, with several reviews recently published on this topic [8] [9] [10] .
Representative examples of cis-Mo
VI O 2 complexes exhibiting OAT reactivities are supported by different ligands including bis(dithiocarbamate) [11, 12] , bis(dithiolene) [13, 14] , bis(dithiolatopyridine) [15] , trispyrazolylborate [16, 17] , thiosemicarbazone [18, 19] , or iminophenolate [20] . OAT reaction mechanisms of model cis-Mo VI O 2 compounds [21-25] lent credence to the proposal that the sulfite lone pair attacks the equatorial Mo VI =O group to afford a Mo(IV)-sulfate species, followed by product liberation to complete the reductive half-reaction of SO [26] [27] [28] . However, OAT rates for small molecule molybdenum model complexes, even in the best systems, are still orders of magnitude slower compared to those of molybdoenzymes [29] . This mismatch suggests that there is still a lack of understanding into different molecular characteristics and other factors that contribute to the very fast individual steps in catalytic cycles of molybdoenzymes.
One potentially important factor is the possible interaction with Brønsted and/or Lewis acids, which have been shown to modulate other non-redox [30] and redox reactions [31] of transition metal compounds. For molybdoenzymes, reduction of {Mo VI O 2 } is often accompanied by proton transfer to form {Mo V (O)(OH)} and/or {Mo IV (O) (OH 2 )} species, and vice versa [32] . Such coupled electron and proton transfer (CEPT) processes are modeled in the [Tp*Mo VI O 2 (SPh)] system (Tp* = hydrotris(3,5-dimethyl-1-pyrazolyl)borate; see Scheme 1a): after transferring an oxygen atom to PPh 3 , the original {Mo VI O 2 } complex can be regenerated in two CEPT processes via a putative {Mo IV (O)(OH 2 )} species and a {Mo V (O)(OH)} intermediate [33] . In other model systems, the (de)protonation of ligands does not necessitate molybdenum oxidation state changes. [36] . More recently, Itoh, Kirk, and coworkers showed that dioxido-molybdenum(VI) complexes reacted with a strong organic acid in the presence of an alcohol or a thiol to produce oxido-alcoholato or oxido-thiolato (2) molybdenum(VI) complexes with bis-dithiolene coordination [37] .
In addition to involvement of protons in CEPT and removals of tightly bound terminal oxo ligands, contributions of hydrogen-bonding interactions to structures and properties of molybdenum-oxo and analogous complexes were also demonstrated in model systems [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [16, 17, [51] [52] [53] [54] [55] [56] [57] [58] [59] . Decreasing the steric hindrance of the phosphine stabilizes the Mo IV -OPR 3 species so that complex 1 was isolated. Therefore, this system represents a good synthetic analog to study the effects of acids in OAT reactions of molybdenumoxo complexes relevant to the reductive half-reaction of SO.
In this work, we report that interestingly the reaction of 1 to 2 was greatly facilitated by the addition of HPyr + as a weak acid (Scheme 1b). As shown in Fig. 1 , complex 1 was fairly stable and exhibited no sign of decay within the first 300 s in CH 3 CN at 10 °C. However, the addition of 10 equiv. HPyr + caused a rapid near-quantitative conversion of 1 (λ max : 820 nm) to 2 (λ max : 720 nm) that was completed within the next 300 s. Isosbestic points were observed at 760, 365, and 338 nm. As a control experiment, the addition of 10 equiv. HPyr + to 2 did not produce detectable spectral changes within the same period of time ( Figure S1 ).
Kinetic studies
To elucidate the role of HPyr + in this conversion, we carried out kinetic studies using time-resolved UV-visible spectroscopy. As shown in the top panel of Fig. 2 , the decay of 1 was accompanied by the concurrent formation of 2. No intermediates were observed for the entire process either in the presence or absence of HPyr + . Kinetic studies with 5-45 mM (5-45 equiv.) pyridinium triflate suggest that the decay of 1 (monitored at 820 nm) or the formation of 2 (monitored at 720 nm) can be nicely fit with a single exponential function to afford the pseudo-first-order rate constant (k obs ). Plotting k obs against the concentration of HPyr + shows a linear correlation with a second-order rate constant (k 2 ) of 6.4(7) × 10 −1 M −1 s −1 at 10 °C (Fig. 2, bottom) .
Eyring plot
To provide further experimental evidence to probe mechanisms of the HPyr + -facilitated conversion, kinetic data over a temperature range of + 15 °C to − 15 °C were collected. The Eyring plot analysis of the temperature dependence of the k obs affords the activation parameters. ∆H ‡ and ∆S ‡ were determined to be +84(3) kJ/mol and + 16(11) J/(mol K), respectively (Fig. 3, top panel) . The ∆H ‡ value is essentially 
Substituted pyridinium ions with various acidities
Our next piece of experimental mechanistic evidence comes from kinetic studies using substituted pyridinium ions with different acidities to replace HPyr + . We synthesized and purified the tosylate salts of a series of substituted pyridinium ions with various acidities, including 3-bromopyridinium (pK a 9.64 in CH 3 CN), pyridinium (pK a 12.53 in CH 3 CN), 2,6-lutidinium (pK a 14.13 in CH 3 CN), and 2,4,6-collidinium (pK a 14.98 in CH 3 CN) tosylate [61] . Interestingly, a plot of log(k obs ) versus the pK a values of these substituted pyridinium tosylate salts demonstrated a proportional decrease (Fig. 3, bottom) . The negative slope is consistent with an acid-facilitated reaction, with the most acidic 3-bromopyridinium ion in this series facilitating the 1-to-2 conversion at a reaction rate of ~ 10 4 -fold faster than the least acidic 2,4,6-collidinium ion. Although 2,6-lutidinium and 2,4,6-collidinium are more sterically demanding than pyridinium, the linear correlation of log(k obs ) versus pK a suggests that the electronic factor of pyridinium ions, rather than the steric factor, plays a major role in this pyridinium-facilitated conversion of 1 to 2.
Computational studies
In order to gain deeper molecular-level understanding of this HPyr + -facilitated ligand exchange at Mo(IV) center, computational studies were carried out to shed further light on this fascinating transformation. To demonstrate the validity of the computational model, we first compared the calculated equilibrium geometry of [Tp*MoOCl(OPMe 3 )] with its available X-ray structure [52] . As shown in Fig. 4 , the structure calculated at the M06L/def2-SV(P) + PCM(MeCN) level of theory showed a similar conformation with the experimental structure, and the relative errors in bond lengths did not exceed 2%. The use of two other common density functionals B3LYP* and OPBE led to larger disagreement with the experimental structure. In order to achieve higher accuracy, we further refined the electronic energy by the single-point calculations at the LDPNO-CCSD(T)/def2-TZVP level of theory (see "Computational methods" section for further details). Next, we utilized the combined coupled cluster/DFT computational protocol to obtain the mechanistic insights into the product release step, as follows. ∆H ‡ and ∆G ‡ values of all important pathways that were investigated computationally are summarized in Table 2 . (Fig. 5a ). The reaction enthalpy and free energy of this step were calculated to be 104 and 93 kJ/mol (Fig. 5c ), respectively. The subsequent event of binding an acetonitrile molecule is exothermic. Therefore, it could be concluded that the overall activation energy of this dissociative reaction (Fig. 5b) , which are characteristic of hydrogen-bonding interaction. An additional relaxed scan calculation, in which the O···H distance was gradually increased while other structural parameters were fully To shed light on whether the HPyr + -facilitated OPMe 3 product dissociation in the I d pathway entails a complete proton transfer or a hydrogen-bonding interaction, we also explored the reaction mechanism in which complex 1 becomes protonated at the oxygen atom of the Mo(IV)-bound OPMe 3 group, with the proton donated from pyridinium cation. The complete proton transfer step was found to be highly endothermic (∆G = 112.2 kJ/mol, ∆H = 167.3 kJ/mol), requiring more energy (∆∆G = 32 kJ/ mol and ∆∆H = 68 kJ/mol) than that needed for the hydrogen-bond facilitated cleavage of the Mo-OPMe 3 bond via the I d pathway shown in Fig. 5d . This result is consistent with the very low basicity of the Mo(IV)-bound OPMe 3 moiety in 1, with its computed pK a value to be 20.4 and 16.2 units lower than that of pyridine and free Me 3 PO, respectively (calculations were based on the equation ΔpK a = ΔG RT ln (10) ; see Scheme S12). These findings indicate that a complete protonation of the Mo-OPMe 3 moiety of complex 1 is unfavorable compared to the hydrogen-bond facilitated I d pathway presented in Fig. 5d .
I a pathways in the absence of HPyr +
For the associative interchange I a mechanism, several pathways could be envisioned depending on the orientation of the acetonitrile molecule attacking the Mo center. In one possible scenario (denoted as I a -NNO pathway), an acetonitrile molecule approaches the Mo atom from the octahedral face formed by two Tp* nitrogen atoms and the oxygen atom of the phosphine oxide ligand (Fig. 6a) . Our computational results suggest that the attack of the acetonitrile molecule leads to the dissociation of the Mo-OPMe 3 bond and formation of Mo-NCCH 3 bond in one elementary reaction step via a hepta-coordinated transition state. The activation enthalpy and free energy for this reaction are equal to 89 and 90 kJ/mol, respectively (Fig. 6b) , in excellent agreement with the experimental kinetic studies (i.e., 87 and 96 kJ/mol; T = 298 K).
Our DFT calculations also reveal another possible I a pathway (denoted as I a -ClOO pathway), in which an acetonitrile molecule approaches the Mo atom from the octahedral face formed by the chlorine and two oxygen donors (Fig. 7a ). An unusual intermediate with hepta-coordinated molybdenum center is formed as a result (∆H = 97 kJ/mol, ∆G = 98 kJ/ mol, see Fig. 7b, c) . Subsequent cleavage of Mo-OPMe 3 bond requires additional 22 kJ/mol of free energy, thus constituting an overall free energy barrier of 120 kJ/mol. The barrier is 30 kJ/mol higher than that of the I a -NNO pathway in the absence of HPyr + (Fig. 6b) . Our finding that I a -NNO is favored over I a -ClOO reaction route is consistent with previous calculations by Basu, Hall, and coworkers that reported the preferred direction of CH 3 [55] . In addition to I a -NNO and as I a -ClOO pathways, we also considered additional I a pathways with different directions by which the acetonitrile molecule approaches the molybdenum center. Our computational results suggest that other pathways have significantly higher activation barriers than the I a -NNO pathway (see the Supporting Information for details), and in some cases side products are produced. We therefore conclude that these pathways are non-competitive with the dominant I a -NNO reaction mechanism for reaction of 1-2 in the absence of HPyr + .
I a pathways in the presence of HPyr + As HPyr + binds to the oxygen atom of the Me 3 PO ligand of 1 (Fig. 5b) , the original binding site for the attacking 
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molecule of MeCN via the I a -NNO pathway becomes sterically more congested. We localized the corresponding transition state and found that reaction enthalpy and free energy to be 95 and 96 kJ/mol, respectively (Fig. 8c) . Compared with the I a -NNO pathway without HPyr + (Fig. 6b) , the significantly increased activation barrier here is attributed Conversely in the I a -ClOO pathway, the incoming acetonitrile molecule attacks the Mo center from a second octahedral face different from the one that is blocked by the bound HPyr + (Fig. 9a) . We therefore hypothesize that this pathway might be facilitated by the presence of HPyr + . Indeed, our CCSD(T)// M06L calculations showed that the presence of HPyr + caused a significant drop in the activation enthalpy from 104 kJ/mol (Fig. 7c) to 60 kJ/mol (Fig. 9c) for the I a -ClOO pathway. In fact, I a -ClOO pathway has lower free energy barrier (64 kJ/ mol; see Fig. 9c ) than I a -NNO route (96 kJ/mol; see Fig. 8c ) in the presence of HPyr + . However, it should be noted that I a -ClOO mechanism has an intrinsic penalty relative to the I d mechanism, as shown in the comparison of overall free energy barrier in Fig. 7c (120 kJ/mol for I a -ClOO pathway) vs. Fig. 5c (93 kJ/mol for I d ), which somewhat counterpoises the stabilization exerted by HPyr + cation. Due to this effect, the I a -ClOO pathway is unfavorable in comparison with the I d mechanism (Fig. 5d ) both in the absence and presence of HPyr + .
Alternative pathways
Finally, we explored alternative reaction routes in which HPyr + binds initially to the oxo ligand of 1, rather than the phosphine oxide ligand. We first considered such an alternative I d pathway. For the binding of HPyr + to the oxo ligand of 1, enthalpy and free energy were 2 and 11 kJ/mol more favorable, respectively, than those for coordination of HPyr + to the oxygen atom in trimethylphosphine oxide ligand. However, lack of stabilization of the leaving phosphine oxide leads to large activation enthalpy (84 kJ/mol, see Figure S6 ) and free energy (74 kJ/mol) to produce 2 as product, thus making this reactive pathway non-competitive with the favored I d mechanism in which HPyr + binds to the oxygen of the trimethylphosphine oxide moiety.
We also inspected if the coordination of HPyr + to the oxygen of the Mo=O moiety could accelerate the solvolysis via an I a reaction route, and observed a moderate stabilization of the transition state, which was not sufficient for making this reaction more favorable than the I d mechanism discussed previously (i.e., compare activation energies in Fig. 5b vs Figure S7 ). These findings indicate that coordination of HPyr + to the oxygen atom of the Mo=O moiety does not facilitate the solvolysis of 1 to afford 2.
Discussion

Reaction mechanism of HPyr
+ -facilitated 1-to-2 conversion
As shown in the "Results" section, the decay of 1 (monitored at 820 nm) occurred simultaneously with the formation of (Table 1) . On the basis of our accumulated experimental data, we suggest a reaction mechanism for the HPyr + -facilitated conversion from 1 to 2, where the OPMe 3 ligand of complex 1 dissociates via I d mechanism with the help of HPyr + in a rate-limiting bimolecular step, followed by rapid coordination of an incoming CH 3 CN molecule to produce 2 (Scheme 2). 1 The experimental results are corroborated by our combined coupled cluster/DFT computations, which provide further insights to validate the roles played by HPyr + and supplement key mechanistic understandings. In the absence of HPyr + , our computational results confirm the I a -NNO (Fig. 6 ) pathway has the lowest activation energy among all pathways that were considered, consistent with published experimental data [59] . Our computational results further show that acidic HPyr + facilitates the Mo-OPMe 3 bond scission by making OPMe 3 to be a better leaving group (Fig. 5) . This beneficial effect of HPyr + to lower activation energy for OPMe 3 dissociation could potentially be manifested in both I a and I d pathways. However, in the I a -NNO pathway, the original attacking site of CH 3 CN is now occupied by the HPyr + molecule, raising the activation energy in this route due to the unfavorable steric hindrance (Fig. 8) . Therefore, I d becomes the energetically preferred reaction route for the conversion of 1 to 2 in the presence of HPyr + (Fig. 5d) . In addition to confirming I d mechanism in the most favorable reaction route, our computational results also reveal molecular-level details for this route in the presence of HPyr + . Specifically, HPyr + initially becomes hydrogen-bonded to the oxygen atom of the Mo(IV)-OPMe 3 moiety (Fig. 5b) Interestingly, our computational results reveal another possible I a reaction route that we denote as the I a -ClOO pathway, with the CH 3 CN approaching the Mo center from a direction different from that in the I a -NNO pathway. While this I a -ClOO pathway has a higher activation energy than I a -NNO reaction route in the absence of HPyr + (Fig. 7) , the presence of HPyr + makes the I a -ClOO pathway energetically more favorable than the I a -NNO reaction route (Figs. 8, 9 ). However, I d mechanism still has the lowest activation energy compared to both I a -ClOO and I a -NNO pathways in the presence of HPyr + , consistent with our experimental data. Alternative reaction routes involve initial binding of HPyr + to the oxygen atom of the Mo(IV)=O moiety to afford a Mo(IV)=O···H + ···Py species. Our computational studies suggest that while this binding could be facile, these alternative reaction routes have sizably higher activation energies to afford the product. Therefore, these alternative routes are considered to be non-competitive with the I d pathway that has the lowest activation energy.
Potential relevance to OAT mechanisms of molybdoenzymes and related model complexes
In OAT reactions mediated by molybdoenzymes, an enzyme-substrate (ES) complex (Michaelis-Menten complex) is formed from a bimolecular reaction of enzyme (E) and substrate (S) [62, 63] . The newly formed (ES) complex then undergoes a unimolecular reaction to afford enzyme-product (EʹP) complex, which in turn produces the product P along with Eʹ. For the reductive half-reaction of SO, the catalysis is initiated by the attack of sulfite substrate on the oxidized form of enzymes ( Our results in this work demonstrate that the reaction rate of the product release from molybdenum(IV) centers can be dramatically increased by a weak acid like HPyr + , as the mechanisms of the product release step is now switched to:
Our computational studies provide additional insights that it is the initial hydrogen-bonding interaction between the HPyr + and the oxygen atom of phosphine oxide ligand that makes phosphine oxide ligand to be a better leaving group and facilitates the scission of the Mo-OPMe 3 bond in a ratelimiting step. As a hydrogen-bonding interaction between a nearby acidic residue (or a water molecule) and the nascent SO 4 2− product bound to molybdenum center could also be present in SO, we cannot rule out the intriguing possibility that a mechanism conceptually similar to that of our system is operative to facilitate product liberation in the reductive half-reaction of SO and potentially other molybdoenzymes that transfer an oxygen atom to their substrates. (1.75 s −1 at pH 7.0) that was dependent on pH, unlike the wild-type protein. As the rate of the individual reaction step typically cannot be easily determined in enzymes including SO, it remains to be conclusively established whether the weakly acidic Y343 residue (possibly in coordination with the nearby Arg138 residue), or a likely water molecule in the binding pocket of molybdenum cofactor (e.g., in the case of Y343F mutant [65] ) was utilized to facilitate product release, analogous to the fundamental chemistry that was demonstrated to be very chemically feasible by our model system.
Finally, we want to caution our readers some potential concerns to extend our results from a model system onto SO and other molybdoenzymes. The proxy substrate used in our system was different from the biological substrate in SO. Admittedly, phosphine proxy substrates will not accurately mimic the full electronic structures of biological substrates. Considering the difference in frontier orbital interactions of proxy vs. biological substrates with a {Mo VI O 2 } center [23], this is a bigger concern when studying the attack of substrate on {Mo VI O 2 } center (i.e., E + S → [EP] in the reductive half-reaction of SO), which is not the focus of the present
work. On the other hand, we propose that a similar acidfacilitated product release could be invoked in the reductive half-reaction of SO, because a hydrogen-bonding interaction that primes the product to be a better leaving group is also likely to be present in active sites of SO. Computational studies are currently underway to elucidate whether such an acid-facilitated product release is indeed operative in the reductive half-reaction of SO.
Conclusions
In this work, we report that a weak acid HPyr + causes a 10 3 -fold increase in the conversion rate of 1 to 2 by altering the operative mechanism of this step. Accumulated pieces of experimental mechanistic evidence include: (1) the decay of 1 was concurrent with the formation of 2, without other intermediates observed in the conversion; (2) the reaction was first order with regard to both [1] and [HPyr + ]; (3) the Eyring plot provided a positive ∆S ‡ , suggesting that the operative mechanism was switched from associative interchange I a mechanism in the absence of an acid, to dissociative interchange I d mechanism in the current scenario; (4) k obs was dependent upon the acidity of substituted pyridinium ions, with up to 10 4 -fold rate enhancement for the most acidic 3-bromopyridinium ion in this series. Therefore, we propose a mechanism to account for the novel reactivity (Scheme 2), with HPyr + facilitating the release of the OPMe 3 ligand of complex 1 via I d mechanism in a rate-limiting bimolecular step, followed by rapid attack of a CH 3 CN molecule to afford 2. Comprehensive computational studies were then carried out to investigate molecular-level details of reaction trajectories and compare activation energies of different pathways, including I d , I a , and possible alternative routes in the absence or presence of HPyr + . The computational results further corroborate experimental conclusions that the dominant route of the 1-to-2 conversion is switched from a slower I a pathway when HPyr + is not in the vicinity, to a faster I d reaction route with the help of HPyr + . This is because HPyr + lowers the activation barrier of OPMe 3 ligand dissociation by making OPMe 3 into a better leaving group.
To the best of our knowledge, this is the first detailed demonstration of such a process in molybdenum-oxo chemistry. Our studies show that the fundamental ligand exchange chemistry, which is the rate-limiting step of OAT reactions in some systems [51] , can become very feasible and greatly accelerated with the help of a weak acid rendering hydrogenbonding interaction with the oxygen atom of the leaving group. Our finding of speeding up product release step in OAT reactions could be important for designing betterperforming metal catalysts for these reactions. Such a process could also be invoked in molybdenum oxotransferases, potentially expanding our knowledge on how acids could be used to facilitate the transportation of small molecule substrates or products into or away from the molybdenum active sites. The acid-facilitated product release demonstrated in the current model system prompts us to computationally investigate whether a similar mechanism is indeed invoked to efficiently expel the product molecule from the molybdenum center in the reductive half-reaction of SO as an ongoing project. We will also experimentally study how other previously unrecognized factors modulate OAT reactivities using small molecule Mo model complexes.
Materials and methods
Materials and syntheses
All reagents, including anhydrous-grade solvents (acetonitrile, pentane, and toluene), were purchased from commercial sources such as Sigma-Aldrich Co., and used as received unless stated otherwise. Unless otherwise specified, the synthesis of air-sensitive complexes utilized standard anaerobic and anhydrous Schlenk line techniques or an Mbraun glovebox with a high-purity research-grade N 2 atmosphere. The KTp* ligand [KTp* = potassium tris(3,5-dimethyl-1-pyrazolyl)borohydride] and Tp*Mo VI O 2 Cl complex were prepared by literature methods [66] [17] . Pyridinium triflate was purchased from TCI America, and used without further purification.
[Tp*Mo IV OCl(OPMe 3 )] was prepared by following a literature method [54] . Specifically, 20 mg Tp*Mo VI O 2 Cl (0.043 mmol) was dissolved in 2 mL cold anhydrous CH 3 CN at − 20 °C (or in 2 mL anhydrous toluene at room temperatures) inside a glovebox. If CH 3 CN is used as the solvent, an armor beads-filled cold well was used to keep the reactions at -20 °C. 1.5 equiv. PMe 3 was added to the solution, and the reaction mixture was stirred until all solids were dissolved and a dark brown solution was resulted. After evaporating all the acetonitrile or toluene solvent, 1 mL cold toluene and 10 mL cold pentane were added to precipitate the [Tp*Mo IV OCl(OPMe 3 )] product. The product was collected by filtration at low temperatures, washed with cold pentane, and dried in vacuum. Yield: 9 mg (~ 40%).
p-Toluenesulfonate (tosylate) salts of pyridinium, 2,6-lutidinium, 2,4,6-collidinium, and 3-bromopyridinium were synthesized by slight modifications of published procedures [67] . The general procedure is as follows: to 1 mL CH 3 CN solution of 2.15 mmol (substituted) pyridine, 0.37 g (2.15 mmol) tosylic acid in 2 mL CH 3 CN solution was added drop by drop. The solution was allowed to stir at room temperatures for 5 min until the heat generated by this reaction dissipated. ~ 5 mL Et 2 O was added, and the resulting white precipitate was collected by vacuum filtration and washed with Et 2 O three times. The yield was 0.31 g (58%) for pyridinium tosylate, 0.36 g (60%) for 2,6-lutidinium tosylate, 0.36 g (57%) for 2,4,6-collidinium tosylate, and 0.51 g (71%) for 3-bromopyridinium tosylate, respectively. 
Physical methods
UV-visible spectra were collected on a HP8453 diode-array spectrometer equipped with a cryostat from Unisoku Scientific Instruments (Osaka, Japan) for low temperature control. Progress of the conversion from [Tp*Mo IV OCl(OPMe 3 )] to [Tp*Mo IV OCl(NCCH 3 )] in CH 3 CN was followed by monitoring the changes in the absorbance at 820 nm for the decay of 1 and the absorbance at 720 nm for the formation of 2, with an isobestic point at 760 nm (Fig. 1b) . Plots of reaction progress [A(820)-A(760) and (A720)-A(760)] against time were fit to pseudo-first-order rate equations that provided good fits for determination of observed rate constants (k obs ). Errors associated with reaction rates came from at least three independent trials. Second-order rate constants (k 2 ) were determined from the slope of the linear plots of k obs vs. [HPyr + ] (Origin 2017 b9.4.0220). Activation parameters were derived from a standard Eyring plot. pK a values of pyridinium, 2,6-lutidinium, and 2,4,6-collidinium in acetonitrile used in Fig. 3 bottom panel were taken from the absolute pK a values summarized in Table 1 of Ref 61 ; pK a value of 3-bromopyridinium was converted from its pK a in water by following the equation: pK a (MeCN) = 6.04 + 1.269 pK a (H 2 O) [61] . 
